Nucleotide excision repair (NER) is the most versatile DNA-repair pathway in all organisms. While bacteria require only three proteins to complete the incision step of NER, eukaryotes employ about 30 proteins to complete the same step. Here we summarize recent studies demonstrating that ubiquitination, a post-translational modification, plays critical roles in regulating the NER activity either dependent on or independent of ubiquitin-proteolysis. Several NER components have been shown as targets of ubiquitination while others are actively involved in the ubiquitination process. We argue through this analysis that ubiquitination serves to coordinate various steps of NER and meanwhile connect NER with other related pathways to achieve the efficient global DNA-damage response.
Introduction
The protection and faithful repair of genomic DNA is critical for the survival of the cell. Any compromise in the cellular surveillance to protect DNA from internal and external damaging agents may result in altered cellular functions or cell death. Various cellular surveillance systems work in coordination at different stages of the cell cycle to ensure that the damage is repaired before a cell moves to the next stage. Our understanding of the DNA-damage response (DDR) pathways and their regulatory mechanisms has expanded greatly over the last three decades. To date, five major DNA-repair pathways, namely homologous recombination (HR), non-homologous end joining (NHEJ), nucleotide excision repair (NER), base excision repair (BER), and mismatch repair have been identified and extensively characterized in living organisms, and their conservation from bacteria to human suggests how essential they are for the survival of the organism [1] . The majority of living organisms have also developed another distinct survival mechanism known as DNA-damage tolerance (DDT) [2] [3] [4] , which does not actually remove the replication-blocking lesions encountered. Instead, it manages to bypass the lesion by at least two different mechanisms: translesion synthesis (TLS), which utilizes specialized DNA polymerases to bypass the lesion, and is mostly error-prone [5, 6] ; and an error-free mode of DDT, which utilizes homologous sister chromatid as a template and requires HR proteins [7] . These two modes of DDT are coordinately regulated through sequential ubiquitinations of proliferating cell nuclear antigen (PCNA), a sliding clamp of the replication apparatus [8] . The identification of DNA-repair pathways was soon followed by the pursuit to understand their regulatory mechanisms, since it is assumed that the majority of repair pathways are only needed when cells are assaulted by unusual levels of DNA damage. Furthermore, for the error-prone mode of DNA repair or lesion bypass, constitutive DDR activities may lead to increased genomic instability, and thus have to be kept under strict regulation.
In Escherichia coli cells, DDR genes are mainly regulated at the transcriptional level, while in eukaryotes posttranslational regulations become prevalent. Like other DDR pathways, NER in eukaryotes is regulated at the posttranslational level; however, unlike HR and NHEJ in which phosphorylation plays an important role, data collected to date support a notion that the NER pathway is extensively regulated by ubiquitination, in either a 26S proteasomedependent or -independent manner. In this review we will focus on recent advancement in the field of NER regulation through ubiquitination.
The NER Pathway
Of the most versatile repair pathways capable of dealing with a variety of structurally distinct DNA lesions, NER is considered as the main repair pathway in a cell [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . The first report of NER came in the early 1960s when it was shown in E. coli that bulky base damage is enzymatically removed from DNA thereby increasing cell survival [19] [20] [21] [22] . Since then advancement has been made to understand underlying mechanisms of the NER pathway and its importance to the cell survival, both in prokaryotic and eukaryotic systems. The major contributors to this understanding have been studies of genetically inherited diseases Xeroderma pigmentosum (XP), Cockayne syndrome (CS), trichothiodystrophy, and UV-sensitive syndrome in humans.
Both prokaryotes and eukaryotes have the same basic mechanism and steps in NER, including recognition, excision, resynthesis, and ligation [23] . However, eukaryotic NER is much more complex than prokaryotic NER and involves the collaboration of more proteins [24] . Most of our current knowledge about prokaryotic NER comes from studies in the model organism E. coli, which contains three primary proteins UvrA, UvrB, and UvrC, which form a UvrABC endonuclease complex, and a fourth protein DNA helicase II (also known as UvrD) to complete NER [25] . The process requires scanning of damaged DNA by the UvrA-UvrB complex to locate the damage, followed by removal of UvrA and incorporation of UvrC into the complex. This sequential assembly of NER proteins at the damage site is followed by phosphodiester bond cleavage of four nucleotides downstream of the damage site by UvrB and eight nucleotides upstream by UvrC. DNA helicase II then removes the 12 nucleotides excised segment by breaking the hydrogen bonds between the complementary bases. The gap thus generated is filled in by DNA polymerase I and the ends sealed by a DNA ligase.
In contrast to prokaryotes, around 30 proteins are involved in the NER process in eukaryotes (Fig. 1) . These include nine major proteins identified as mutated in human cells deficient for the NER pathway. Based on their specific genetic complementation groups, seven proteins have been identified for the XP syndrome (XPA to XPG) and two for CS (CSA and CSB) [26] [27] [28] . In addition to these nine proteins, a number of other proteins, including excision repair cross-complementing 1 (ERCC1), replication protein A (RPA), Rad23 homologs (HR23A and HR23B), and many others (Fig. 1) , also play important roles in eukaryotic NER. With the current model, eukaryotic NER (specifically in mammalian cells) requires sequential and coordinated assembly of NER proteins to the damage site [10, [12] [13] [14] [15] [16] [17] 29] . As in prokaryotes, eukaryotic NER starts with lesion recognition. However, depending upon the initial protein complex recognizing the lesion, eukaryotic NER is categorized into global genome NER (GG-NER) and transcription-coupled NER (TC-NER). GG-NER removes DNA damage from non-transcribed DNA regions, whereas TC-NER repairs lesions in transcriptionally active regions [30] . In GG-NER, XPC-HR23B and UV-DDB (damaged DNA-binding protein) complexes recognize UV-induced lesions and then recruit XPA to the damage site [29, 31] . In the case of TC-NER, RNA polymerase II serves as a lesion sensor. When RNA polymerase II-mediated transcription is blocked by a DNA lesion, CSA and CSB will come to help loading XPA to the sites and then initiate the NER process. After lesion recognition, GG-NER and TC-NER follow a common pathway to repair the damage. Two subunits of the basal transcription factor IIH complex, XPB and XPD, which carry out 5 0 to 3 0 and 3 0 to 5 0 helicase activities, respectively, unwind DNA at the damage site [32, 33] . This is followed by incisions on 3 0 and 5 0 sides of the damage carried out by XPG and XPF-ERCC1 endonucleases, respectively, which lead to the removal of 25-30 nucleotides of single-stranded DNA [34] [35] [36] [37] [38] . The resulting gap is filled by DNA polymerases d or 1 requiring PCNA for efficient DNA synthesis using the complementary strand as a template [39] [40] [41] [42] [43] . In the final step, DNA ligase III seals the nick to complete the NER process ( Fig. 1) [44] .
Ubiquitin and Ubiquitination
Ubiquitin is a highly conserved polypeptide of 76 amino acids expressed ubiquitously in all eukaryotic cells, which was first identified in 1975 with unknown functions [45] . Soon after its discovery, the work carried out by Aaron Ciechanover, Avram Hershko, and Irwin Rose led to the identification of its role in post-translational modification of different proteins through a process known as ubiquitination [46, 47] . The realization of how important ubiquitination is in regulating cell cycle, signal transduction, transcription, DNA repair, and many more cellular functions earned the above three scientists the 2004 Nobel Prize in chemistry. In the most extensively studied eukaryotic systems such as yeast and mammal, ubiquitin is encoded by four different genes. In yeast, UBI1, UBI2, and UBI3 encode ribosome-fused mono-ubiquitin precursors while UBI4 encodes an N-to-C linked poly-ubiquitin precursor [48] . In mammalian cells, Uba52 and Rps27a express mono-ubiquitin precursors attached to ribosomal proteins L40 and S27a, respectively, while Ubb and Ubc express poly-ubiquitin precursors [48] [49] [50] .
Ubiquitination refers to a reversible post-translational modification in which ubiquitin is ligated covalently to a specific target protein [51, 52] . The process starts with the activation of a free ubiquitin molecule by a ubiquitinactivating enzyme (Uba or E1) in an ATP-dependent manner. Next, activated ubiquitin is transferred to a ubiquitinconjugating enzyme (Ubc or E2). Finally, the third enzyme, ubiquitin ligase (E3), helps ubiquitin to be conjugated to the target protein by forming a covalent bond between the carboxyl-terminal glycine of the ubiquitin and a lysine residue on the target protein [51, 53] . By repeating this E1/E2/ E3 process, the target protein is tagged with a poly-ubiquitin chain or be ubiquitinated at multiple sites. Ubiquitin tag on the target protein is highly diverse ranging from mono-to poly-ubiquitination, linear to branched chains, or attaching multiple ubiquitin moieties to different lysine residues on the substrate [54] [55] [56] [57] . Since ubiquitin itself has seven lysine residues that can be used for ubiquitination, several types of poly-ubiquitin chains can be formed. It has been well accepted that poly-ubiquitin chains serve as signals for protein degradation by 26S proteasome and that this signal chain requires a minimum of four ubiquitin molecules [58] . Among different types of poly-ubiquitination, the Lys48-linked poly-ubiquitin chain serves as a universal signal for protein degradation by 26S proteasome [59] , while Lys6-linked and Lys11-linked poly-ubiquitin chains can also target substrates to the 26S proteasome [60] . In contrast, monoubiquitination and Lys63-linked poly-ubiquitination alter cellular substrate protein activities but do not generally target them for degradation [8, 61] .
Ubiquitination and DNA Repair
The quest to unravel regulatory mechanisms involved in DDR pathways in the past two decades has led to the understanding of how different post-translational modifications such as phosphorylation, ubiquitination, sumoylation, methylation, and acetylation play roles in the regulation of DDR processes [62, 63] . All major DNA-repair pathways are regulated either by the addition or removal of posttranslational modifications of the proteins involved in the repair [63] . Among different modifications phosphorylation, ubiquitination, and sumoylation have emerged as the most prominent in the regulation of repair pathways [64] . So far four repair pathways, namely HR, NER, BER, and DDT, have been reported to be regulated by either ubiquitination or sumoylation, or both [8, [65] [66] [67] . Current knowledge suggests that ubiquitin-mediated regulation of repair pathways is achieved in both proteasomal degradation-dependent and Figure 1 Regulation of NER pathways through ubiquitination (A) Global genomic repair (GGR) pathway. During the initial damage-sensing step in GGR, binding of UV-DDB forms an E3 ligase complex along with CUL4A and Roc1, and initiates chromatin remodeling through poly-ubiquitination of H2A, thereby facilitating access by the repair proteins. In the subsequent step, the same E3 ligase poly-ubiquitinates XPC, which increases the DNA-binding efficiency of damage-recognizing complex XPC-HR23B. After the damage-recognition step, DDB2 is poly-ubiquitinated and subsequently degraded through the proteasomal pathway, thus facilitating dissociation of the DDB-CUL4A-Roc1 E3 complex from the damage site. (B) Transcription-coupled repair (TCR) pathway. In TCR, after RNAPII senses the damage, CSB is recruited to the site, followed by binding of DDB1-CUL4A-CSA E3 ligase. This E3 ligase attaches a poly-ubiquitin chain to RNAPII and CSB that targets them to degradation. CSB is degraded towards the end of NER during transcription recovery.
-independent manners [68] . The accumulation of several ubiquitin ligases (E3s) such as RAD18, BRCA1, RNF8, RNF168, and HERC2 at the double-strand break (DSB) sites [69] [70] [71] [72] [73] [74] [75] is consistent with the role of multiple ubiquitination processes in the repair of single type of DNA damage. The concerted action of RNF8, RNF168, Ubc13, and HERC2 catalyzes the formation of Lys63-linked poly-ubiquitin chain on histones H2A and H2AX surrounding the site of DNA damage [76] . Conjugation of Lys63-linked poly-ubiquitin chains to histones has been shown in several recent studies as an important player in orchestrating the assembly of repair proteins at DSB sites in higher eukaryotes [72, 77, 78] . Perhaps a paradigm of regulation of DDR by ubiquitination and sumoylation came from a discovery that yeast PCNA can be either ubiquitinated or sumoylated at the same K164 residue [8] ; its mono-ubiquitination by the Rad6-Rad18 E2-E3 complex promotes TLS and the subsequent Lys63-linked poly-ubiquitination by the Mms2-Ubc13-Rad5 E2-E3 complex mediates error-free DDT [8, 79] , whereas its sumoylation by the Ubc9-Siz1 E2-E3 complex facilitates the recruitment of an Srs2 helicase and the prevention of inappropriate recombination [80, 81] . Although most studies have highlighted roles of non-degradative ubiquitination in DDR, ubiquitin-mediated target protein degradation is still prominent in BER and NER pathways [67, 82, 83] . In the ubiquitinmediated proteolysis system, proteins modified with Lys48-linked poly-ubiquitin chain are delivered to the 26S proteasome, which degrades unwanted or incorrectly folded proteins by proteolysis. The 26S proteasome consists of two sub-complexes, the 20S core particle and the 19S regulatory particle. The 20S core particle is composed of four rings of seven peptides, forming a hollow cylinder, having protease activity. The number of subunits contained in the 20S core particle varies in different organisms. The 19S regulatory particle recognizes the poly-ubiquitin chain on the target protein and opens a channel to deliver the target protein to the 20S core particle [84] . Nineteen polypeptides form the 19S regulatory particle that can associate with the 20S particle in an ATP-dependent manner to form a 26S proteasome [85] .
Regulation of NER by Ubiquitination
Ubiquitin receptors interact with 26S proteasome to modulate NER Ubiquitin receptors are proteins that interact with ubiquitin in signal transduction [86] . They serve as bridges to transfer ubiquitin regulation signals to the target protein, thereby triggering certain cellular events. Ubiquitin-interacting domains are usually characterized in these proteins, and at least four types of ubiquitin-interacting domains have been identified from ubiquitin receptors, namely ubiquitinassociated domain (UBA), ubiquitin interacting motif, ubiquitin E2 variant, and a newly added ubiquitin-binding motif [87] . In ubiquitin-associated proteolysis, a subunit of 26S proteasome Rpn1 and an NER factor Rad23 have been characterized as ubiquitin receptors, recognizing the polyubiquitin chain and delivering target proteins to the proteasome [88] . Since the ubiquitin-like (UbL) domain of Rad23 shares homology to ubiquitin (Fig. 2) , it binds to the Rpn1 subunit in the 19S particle of the proteasome to deliver ubiquitinated substrates to the 20S core particle [89] . Rad23 resists proteasomal degradation via its C-terminal UBA domain [90] . In vitro assays show that inhibition of proteasomal ATPases inhibits the NER activity and causes an increased sensitivity to UV, suggesting that the NER activity is affected by ubiquitin-mediated proteolysis system. XPC poly-ubiquitination in response to UV irradiation XPC binds to HR23 tightly and the complex works as a general DNA-damage sensor to initiate GG-NER [31] . After UV irradiation, XPC is ubiquitinated and sumoylated [91, 92] . Surprisingly, the poly-ubiquitinated XPC can be rescued by HR23 from proteasomal degradation [93] , and experimental suppression of HR23 results in markedly reduced XPC level in cells [94] . Mammals express two HR23 peptides, HR23A and HR23B, which share structural similarity and a redundant function with Rad23 in yeast during the lesion-recognition phase in NER. HR23 contains four conserved domains: the N-terminal UbL domain with amino acid sequence homology to ubiquitin, followed by an internal ubiquitin-associated (UBA1) domain, an XPC-binding domain, and the C-terminal UBA2 domain (Fig. 2) . The UbL domain shares the featured b-grasp superfold of the ubiquitin molecule and a small UbL-containing protein can be assembled to target protein through E1/E2/ E3-like conjugation machinery as required for ubiquitination [95] . It has also been shown that proteins containing N-terminal UbL domains can bind to the proteasome subunit Rpn1 [89] . UBA domains are relatively small with approximately 40 amino acids conserved from yeast to mammals. They belong to ubiquitin-binding modules and participate in ubiquitin-mediated proteolysis as well as other ubiquitin-dependent processes [87, 96] . Many proteins containing both UbL and UBA domains have been characterized as ubiquitin shuttle receptors involved in the targeting of poly-ubiquitinated proteins for proteasomal degradation, including yeast Rad23 (the HR23 counterpart in yeast), Dsk2, and Ddi1 [97] . In an updated model, the ubiquitin shuttle receptor binds ubiquitin chains of the polyubiquitinated target protein via UBA domain, interacts 19S proteasome by its UbL domain to deliver the tagged protein for degradation, while its UBA domain prevents proteolysis initiation and itself is released from proteasome [98] .
It is believed that the main function of HR23 (Rad23 in yeast) forming complex with XPC (Rad4 in yeast) is to prevent it from proteolysis after being poly-ubiquitinated [99] because XPC is the crucial factor that directly recognizes DNA damage and initiates NER [100] . During delivering poly-ubiquitinated proteins to 26S proteasome, HR23 can differentiate labeled XPC from other tagged proteins via its internal XPC-binding domain [101] . Thus even the modified XPC is delivered to the 26S proteasome, it can escape proteolysis by binding with HR23, which is released from proteasome. It is unclear as to whether the poly-ubiquitinated XPC is de-ubiquitinated after being delivered to the proteasome, where ubiquitin chains are often disassembled and reused. Recent data suggest that de-ubiquitin enzymes participate in the Rad4 (XPC in human) degradation and thus affect NER efficiency [102] . Another piece of evidence supporting the essentialness of the modification is from the observation that the retained XPC exhibits enhanced affinity for DNA lesions [103] .
UV-DDB heterodimer forms E3s and regulates NER efficiency
Although the XPC-HR23 complex plays a key role in lesion recognition during GG-NER, the efficiency of XPC in binding a distortion in damaged DNA caused by UV-induced lesions depends on a functional UV-DDB protein complex. DDB has two subunits, DDB1 (127 kDa) and DDB2 (48 kDa). DDB2 mutations appear to be responsible for XPE [104] . Indeed, Ddb2 knockout mice display tumor-prone phenotypes and become susceptible to UV-induced skin cancer [105, 106] , while transgenic overexpression of DDB2 enhances NER and protects mice from UV damage [107] . In contrast, no defect in DDB1 has yet been found in XP patients, which could be due to the fact that Ddb1 knockout mice are lethal [108] , suggesting that DDB1 is essential for the development. Indeed, in vitro experimental data indicate that DDB1 play a critical role in controlling cell cycle progression and maintaining genome stability in addition to its role in NER [109] . The DDB complex binds to UV-induced (6 -4) photoproducts [(6-4) PPs] with high affinity and specificity [110] , and the lesion appears to be held exclusively by DDB2 [111] . It can also recognize UV-induced cyclobutane pyrimidine dimer (CPD) [112] . The DDB complex can bind damaged DNA independently of XPC or any other core components of NER [113] , suggesting that it is the first recognition protein to reach the UV-damage site and then help to recruit XPC-HR23 to the lesion, followed by the recruitment of XPA for lesion verification, triggering the NER process [114, 115] . Support for the above notion includes observations that the tertiary complex of DDB1, DDB2, and XPA is assembled at the damaged DNA site in the early stage of NER [116] . Although (6-4) PPs can also be recognized by XPC, the relocation of XPC to CPDs requires the presence of functional DDB2 [114] . As a result, XPE cells have remarkably reduced NER activity in removing CPD, but can still repair some (6 -4) PPs [117] ; thus XPE patients display the mildest symptoms among all groups of NER-defective XP patients [118] .
In addition to directly participating in UV-damage recognition, DDB is also required for optimal NER efficiency by forming an E3 ubiquitin ligase complex with CUL4A [119] . CUL4A acts as a scaffold in the E3 complex and belongs to the Cullin family. Cullins and their E3s play important roles in ubiquitin-mediated degradation of cell cycle regulators [120] . Cul4A knockout mice are viable and healthy but the derived embryonic fibroblast (MEF) cells accumulate both DDB2 and XPC, with enhanced GGR activity in the removal of CPD and (6-4) PP [121] . In GG-NER, DDB-CUL4A-ROC1 E3-mediated ubiquitination events are crucial for triggering NER process and maximizing NER efficiency. So far, histone H2A, H3, H4, NER factors XPC and even DDB2 itself have been shown as targets of the DDB-CUL4A-ROC1 E3 ligase [92, [122] [123] [124] [125] . In the absence of DNA damage, the E3 ligase activity of the complex is repressed by COP9. After recognizing lesions, DDB2 undergoes ubiquitin-associated degradation mediated by DDB-CUL4A-ROC1, handing the damaged DNA strand to XPC and meanwhile making space for the assembly of other NER complexes. XPC is another target of DDB-CUL4A-ROC1, but XPC poly-ubiquitination dose not result in its enhanced degradation. Instead, XPC ubiquitination alters the DNA-damage binding characteristics of the XPC-HR23 complex to facilitate lesion handover to XPC [119] . Furthermore, DDB also associates with CBP/p300 family proteins, in vivo and in vitro, suggesting that DDB is involved in NER by recruiting CBP/p300 to the damaged chromatin to induce chromatin remodelling at the damage sites to allow the assembly of NER components [126] . p53 is also shown as a potential target of the DDB-containing E3 ligase. Using a mouse model, Stoyanova et al. [127] provided evidence that in low-dose UV-irradiated mouse embryonic fibroblasts (MEFs), DDB2 plays an important role in down-regulating the p53 S18P ( p53 phosphorylated at residue Ser18) level by stimulating the nuclear import of DDB1, which enhances proteolysis of p53 S18P . The proteolysis of p53 S18P is critical in maintaining the expression of p21
Waf1/Cip1 at a low level. p21 Waf1/Cip1 can interact with PCNA and block DNA replication, which impairs NER process [128] . Deletion of p21
Waf1/Cip1 eliminates the repair deficiency in Ddb2 -/ -MEFs [127] , suggesting that a low level of p21
Waf1/Cip1 helps to maximum the NER efficiency. p53 also directly regulates the transcription of XPC [129] and Ddb2 [130] . The above data collectively suggest that NER components can affect global DDR by modulating the p53 activity, and in return the NER efficiency is regulated by p53. In addition to p53, at least two stress-responsive kinases, namely the p38 mitogen-activated protein kinase and c-Abl tyrosine kinase, are also involved in the degradation of DDB2 and modulation of the NER efficiency after UV-irritation. p38 phosphates serine residue(s) in DDB2 and possibly stimulates ubiquitin-dependent proteolysis; meanwhile, it also functions in chromatin remodelling via histone phosphorylation [131] . c-Abl works with CUL4A in ubiquitin-dependent proteolysis to down-regulate the level of DDB2 [132] . The above data collectively suggest that DDB2 functions as the target to modulate NER efficiency by cellular stress response activators after UV-damage.
Another DDB-containing E3 ubiquitin ligase, DDB1-CUL4A-CSA, has also been discovered [119, 133] . Since CSA shares some sequence homology to DDB2, both CSA and DDB2 can form E3 complexes with DDB1-CUL4A [95] . Different from DDB-CUL4A-ROC1 playing a role in GG-NER, the DDB1-CUL4A-CSA E3 functions in TC-NER. DDB1-CUL4A-CSA interacts with CSB, which is a DNA-dependent ATPase and shares homology with the SWI2/SNF2 family of ATP-dependent chromatin remodelling factors. CSB functions as a coupling factor to attract histone acetyltransferase p300, NER proteins and DDB1-CUL4A-CSA E3 ubiquitin ligase complex to the COP9 signalosome [133] . A ubiquitin-binding domain essential for the CSB's function in stimulating TC-NER has been defined to its C-terminus [134] . These observations suggest that DDB1-CUL4A-CSA is involved in ubiquitin modification to histone, facilitates chromatin remodelling and promotes NER activity.
CSB is another target of the DDB1-CUL4A-CSA E3. It was reported that CSB undergoes degradation in a proteasome-and CSA-dependent manner after UV irradiation. However, different from DDB2 degradation, CSB is degraded at a later stage of NER when the transcription recovers. It has been shown that CSB degradation impacts on the recovery of RNA synthesis after TC-NER [135] .
Rad26 is a functional counterpart of CSB in S. cerevisiae [136] . In rad26 mutant cells, DNA repair on the nontranscribed strand is not influenced, but lesion removal from transcriptionally active regions is affected and it is believed that the NER process is blocked by the transcription complex [137] . Thus Rad26 was thought to be required for removing the stalled transcription complex from damage sites to ensure the TC-NER efficiency. Indeed, subsequent research found that stalled RNA polymerase II undergoes ubiquitin-mediated proteolysis, and that the ubiquitination of RNA polymerase II involves a Rad26-containing E3 [138] . However, a more recent report found that Rad26 is not directly involved in the ubiquitination of RNA polymerase II; instead, Rsp5 is the functional E3 in this modification, while its accessory partner Def1 forms a complex with Rad26 in this event [139] . The UV-induced ubiquitination and subsequent proteolysis of RNA polymerase II is also reported in mammalian cells, and this modification is deficient in CS cell lines [140] , leading to a hypothesis that RNA polymerase II degradation is conducted by CS proteins. However, recent findings with more reliable assays reveal that the functional E3 for mammalian RNA polymerase II ubiquitination contains a Rsp5 homolog, NEDD4, and no CS protein is directly involved in the modification [141] . Rsp5 and NEDD4 are only responsible for the addition of the first ubiquitin to RNA polymerase II, and more other E3 complexes are found being involved in sequential poly-ubiquitination [142] . In both yeast and mammalian cells, the ubiquitin-mediated proteolysis of RNA polymerase II was initially considered to be essential for DNA repair since the transcription complex could be removed from the lesion site, providing space for the NER complex assembly [143] . On the other hand, accumulating data indicate that RNA polymerase II degradation and TC-NER are alternative cellular responses to DNA damage; the former event can also be induced by blocking transcription elongation [141, 144] . An alternative hypothesis is that Rad26 or CS proteins function in connecting the two events, which gains support with a finding that in yeast cells, Rad26 can be delivered to the DNA lesion site with the help of RNA polymerase II [145] . It provides a model in which Rad26 interacts with RNA polymerase II during the transcription elongation; when the elongation is stalled by a DNA lesion, RNA polymerase II is disassembled and degraded, leaving Rad26 at the lesion site to stimulate the TC-NER process.
A Cullin-based Rad7-containing E3 ligase in S. cerevisiae Being the yeast counterpart of XPC, Rad4 has also been reported as being poly-ubiquitinated after UV-irradiation. An Elongin-Cullin-Socs-box E3 complex in yeast including Rad7, Rad16, Elc1, and Cul3 has been characterized to function in GG-NER. The Rad7-containing E3 targets Rad4 for ubiquitination in response to UV radiation [85, 146] . The cellular Rad4 level is regulated by both Rad23 and Rad7-Rad16-containing E3s, as well as being affected by E2s such as Ubc9 and Ubc13 via the ubiquitinproteolysis pathway [146] . Being one of the key components in NER, the cellular level of Rad4 is crucial to optimal NER. PCNA ubiquitination and late stage of NER The above analyses mainly focus on roles of ubiquitination in early steps of NER, including lesion recognition and the incision. It has been accepted that after incision, replicative polymerases such as Pold and/or Pol1 are responsible for the repair synthesis, and an in vitro reconstitution experiment provides an experimental support for such a belief [24] . However, Ogi and Lehmann unexpectedly found that Polk-deficient mouse cells had substantially reduced NER activity after UV damage [147] . In cultured human fibroblast cells, Polk is recruited to the repair sites by ubiquitinated PCNA and XRCC1 independently of Pold and Pol1, and all three polymerases are required for the full NER repair synthesis activity [148] . It was recently reported that XPV patient-derived skin fibroblasts displayed defective GG-NER in response to UV irradiation that was solely attributed to the lack of functional Polh activity [149] . Since PCNA mono-ubiquitination plays a critical role in the recruitment of Polh [66] and Polk [150] to the damage sites for TLS, the above findings suggest coordinated efforts in the regulation of DDR through NER and/or TLS in mammalian cells.
Conclusions
Ubiquitination directly regulates NER in at least the following respects ( Fig. 1 and Table 1 ): (i) in the lesion recognition phase of NER, ubiquitin-mediated proteolysis events help in lesion recognition and repair initiation, and GG-NER factors such as XPC and DDB are the ubiquitination targets; (ii) in the repair synthesis phase of NER, ubiquitinated PCNA is required for the recruitment of TLS polymerase(s) to fill the gap after excision; and (iii) in late phase of TC-NER, CSB degradation via ubiquitin-mediated proteolysis system is needed for an efficient transcription recovery. The fact that ubiquitination is involved in different stages of NER suggests that the modification message may be passed from one step to the next to coordinate the repair process.
Ubiquitination may also indirectly impact NER efficiency. It is of great interest to notice that some NER factors such as DDB, CSA and CSB are directly involved in histone ubiquitination, which may provide an economic and unique means of chromatin remodelling. Chromosome remodelling plays a critical role in the regulation of NER [ 138, 139, 142, 145, 151] access to the damage sites. In addition, ubiquitination also plays important roles in regulating global DDR including cellular levels of p53 after DNA damage, and p53 directly modulates the cellular repair capacity including NER. Overall, it becomes apparent that protein ubiquitination provides an important means of post-translational modification of the NER activity and that eukaryotes utilize ubiquitin as a molecular switch to modulate different cellular events including NER. Study of ubiquitination and its regulation of NER is still in its infancy and further investigation will continue to contribute to our understanding of important cellular processes.
